Design seismic motion represents a fundamental issue of many geotechnical applications. In more complex numerical procedures, input motion is required in the complete form of an accelerogram, whereas in simplified prediction methods it is generally expressed by means of synthetic parameters such as peak ground acceleration, peak ground velocity, Arias intensity, etc. The aim of this paper is to show the sensitiveness of these parameters to small changes in the characteristics of the accelerogram associated with the filtering procedures used for reducing digitisation errors, instrument distortions, etc. and the influence of the consequent uncertainties on geotechnical applications. More specifically this paper examines the incidence of processing techniques of uncorrected records from Italian accelerograph network on slope displacement evaluation based on Newmark's rigid block model. q
Introduction
A well-known problem in seismic geotechnical analyses (local seismic response, soil liquefaction, seismic slope stability, etc.) concerns the reliability of input ground motion, generally represented by an accelerogram or by its synthetic parameters (peak acceleration, peak velocity, etc.). In geotechnical literature the problem of the significance of seismic input motion has often been solved with reference to synthetic accelerograms obtained from specific seismic risk analyses for the site. Nevertheless, according to the opinion of many researchers [1] , the most reliable accelerograms for geotechnical applications are obtained from strong ground motion recorded by accelerograph stations located near the site. In fact, ground motion is strongly dependent on source mechanisms and distance, as well as on wave propagation and local conditions, which affect all seismic parameters (frequency content, duration, peak ground acceleration, etc.). So, when recordings are available, the design accelerogram should be chosen from them, by considering the most reliable and representative ones and the two extreme conditions near and far from the site.
In this context the problem of reliability is examined from another point of view: since the raw data obtained from a strong motion instrument may include errors from several different sources, how can the techniques used for processing strong ground motion records affect the results of a given geotechnical problem?
Since in the specific literature, a variety of alternative procedures has been studied for different purposes in different areas and an emerging trend in Italy is that the National Seismic Service (SSN) provides uncorrected accelerograms, a central problem for geotechnical engineers is how to correct the accelerograms available on a given site by minimising errors and uncertainties.
While the effects of different seismic signal filtering techniques has been widely investigated from a seismological point of view and for structural engineering applications [2 -4] , only a few authors have tackled this problem from a geotechnical perspective [5 -9] , so, it is not still clear to what extent the various procedures can influence the results of numerical predictions.
In this paper the results of a research into the influence of four different filtering procedures on seismic motion parameters and on the results of a geotechnical application are illustrated.
Two of these procedures are currently utilised in Italy: the procedures hereinafter named CALTECH and ENEA.
The former, developed at the California Institute of Technology [10] , is generally adopted in Italy by seismologists of the National Research Council; the latter has been proposed and is still used by the SSN. A third filtering technique was derived from the numerical code PITSA [11] , while the fourth one, named UNIFIR, was developed in MATLAB language by Crespellani et al. [8] .
These procedures were employed for filtering the horizontal components of three accelerograms recorded during the Irpinia earthquake of 23 November 1980 at the National Italian accelerometric network stations of Sturno, Bagnoli Irpino and Benevento, hereinafter referred to using labels 621, 629, 646, respectively.
To determine how filtering techniques can affect the results of a geotechnical analysis, the problem of the evaluation of Newmark's rigid block displacements was considered. This model, proposed by Newmark [12] , is widely employed for providing solutions to a great number of seismic geotechnical problems, and many predictive relationships have been pointed out for simplified estimates.
Firstly, we investigated to what extent the filtering techniques are truly significant and what variations of the main parameters that characterise an accelerogram (PGA, PGV, Ia, etc.) they can lead to.
Secondly, the displacements obtained both by integrating the equation of motion of the rigid block and by applying empirical relationships were compared.
Processing errors and filtering procedures
Accelerometric recordings should represent the earthquake-induced ground motion as faithfully as possible. But, due to the type of instrument, soil and environmental conditions, etc. the strong ground motion recorded at a given accelerometric station represents the actual earthquake acceleration aðtÞ of the ground on which the accelerograph is located within only a limited band of frequencies, and generally it also contains some frequency components due to background noise from different sources (traffic, construction activity, wind, vibration of buildings, trees, etc.) and to the instrument response.
In fact, within the accelerograph, ground acceleration, aðtÞ; is converted into the response of the instrument, RðtÞ; which depends on its dynamic characteristics (natural frequency, damping, etc.). The effects of this transformation, which generally consists of a loss of high frequency content (for frequencies greater than the natural frequency of the instrument, f n ), are generally minimised by means of an instrumental correction, thanks to which the accelerogram can be obtained in the so-called 'uncorrected' form, a 0 ðtÞ: Another transformation occurs during the digitisation process of data recorded by analogical instruments (it must be noted that in Italy many instruments of the national network are still of this type) with a consequent loss of signal components at frequencies lower and higher than two cut-off frequencies, f L and f H ; respectively. In this process, the sources of errors are numerous and fall within the following groups.
(a) At low frequencies: † errors caused by transverse play of the film in the drive mechanism; † errors due to warping of the film and to the contact copy making process; † systematic errors due to imperfections of the cross-hair mechanism, by which the record is followed during digitising, and random errors generated during the digitisation process. (b) At high frequencies: † errors (modification of amplitudes and shift of phases) due to the finite, natural frequency of the accelerograph oscillator; † errors due to the imperfection of the accelerograph oscillator; † random digitisation errors; † errors due to inadequate resolution of the digitising equipment; † low-pass filtering effects in the optical -mechanical digitisation processes.
Moreover, because of an overly large sampling interval (aliasing) and too short recording time (Gibb's phenomenon), both analogical and digital accelerographs can give rise to distortions or 'leakage' in the frequency domain.
Thus, with the aim of obtaining an accelerogram in its 'corrected' form, a 00 ðtÞ; filtering techniques that minimise these errors and distortions must be employed using proper mathematical tools.
In Fig. 1 the effects of instrumental recording and digitisations process on the actual acceleration are summarised with reference to a simplified input signal, characterised by a Fourier spectrum constant in a range ½0; f i ; where f i is much greater than the natural frequency of the instrument f n :
In specific literature, many analogical and numerical filters and procedures have been studied for processing strong motion 'uncorrected' accelerograms. Some of these have gained widespread consensus and acceptance in various fields.
The filtering techniques selected for comparison in this paper are CALTECH, ENEA, PITSA, UNIFIR. In the present work, the most recent version of the CALTECH procedure [5] was adopted. (b) ENEA. The procedure, here named ENEA, has been developed by some ENEA researchers [2, 3] . It consists of the application to an uncorrected accelerogram of a filter 'cosine' at high and low frequencies, with roll-off and cut-off filtering frequencies, f LR and f HR ; f LC and f HC ; appropriately selected by the user. (c) PITSA. PITSA [11] is a commercial program not strictly aimed at filtering accelerograms, but which allows the user to correct them through a series of rather laborious operations. The code proposes many well-known filters (Butterworth, Gaussian, etc.), but also permits generic Infinite Impulse Response filters to be defined. The filtering procedure adopted consists of the following steps: † band-pass filtering with a Butterworth filter with cut-off frequencies, f LC and f HC ; and slope of the transition band s c ; properly selected by the user; † low frequency filtering of central frequency and width f LC =2 with a Notch filter; † integration of the accelerogram, and base-line correction of the velocigram. (d) UNIFIR. UNIFIR is a computer program developed in MATLAB language at the Faculty of Engineering of Florence [8] , by means of which a filtering technique was applied consisting of: † band-pass filtering with Finite Impulse Response rectangular filter, designed to obtain a linear frequency response; † base-line correction of the accelerogram. Fig. 1 . Effects of the instrumental recording and digitisation process on actual acceleration with reference to a simplified input signal characterised by a Fourier spectrum constant in a range ½0; f i (f L and f H : cut-off frequencies; f n : natural frequency of the instrument).
The four above-named procedures were compared referring to the cut frequencies selected for filtering uncorrected accelerograms by ENEA researchers and chosen on the basis of the signal -noise ratio values in terms of Fourier amplitude. The values of the cut frequencies are listed in Table 1 .
Contrary to PITSA and CALTECH, the UNIFIR and ENEA filtering techniques do not provide accelerogram integration and velocigram base-line correction. These operations were therefore carried out separately.
Incidence of filtering techniques on the main seismic parameters
As already mentioned, six accelerograms were selected to evaluate the effects of the different filtering techniques. They correspond to the horizontal components of three shakings of the Irpinia earthquake of 23 November 1980. These accelerograms were chosen from the records available on rock or, in any case, on hard soil, so that they were markedly different in terms of peak ground acceleration (PGA), frequency content and duration.
In Fig. 2 the six acceleration time histories before filtering are shown. In Fig. 3 a particularly evident effect of filtering is shown by comparing the velocigram obtained by integration of the uncorrected accelerogram and that obtained from the accelerogram corrected with one of the chosen procedures (UNIFIR). As can clearly be seen, the digitisation errors that introduce new frequency components not proper of the signal (represented by a sinusoidal trend), are amplified by the integration and modify the base-line of the velocigram.
In Fig. 4a -f the effects of the different processing procedure on seismic parameters are compared. The points represented in the scattergrams have on the x-axis the value calculated from the uncorrected accelerogram and on the yaxis the corresponding values obtained by using the four procedures. Fig. 4a refers to PGA. It can be noted that the differences between the PGA values resulting from application of the different filtering procedures are generally slight for PGA , 0.15g, where they are also close to the corresponding values from the uncorrected accelerograms; then the differences increase considerably. In particular, in the case of the PITSA procedure, there is the highest estimation of the PGA values, with differences up to 40% compared to the values relative to the other procedures or to the uncorrected values. Otherwise the values from the other procedures are comparable to each other and closer to the uncorrected ones (especially for the CALTECH procedure). Fig. 4b shows the results in terms of peak ground velocity (PGV). It is possible to observe that the four procedures give similar values but rather different from the uncorrected ones (30%), where the values of PGV are low (, 20 cm/s), for increasing values of PGV the differences between the four procedures compared with each other and with the uncorrected values become substantial (more than 50%) and with a growing trend for higher values of PGV: the PGV values from the ENEA procedure are slightly higher than those from the other procedures; the CALTECH procedure steadily leads to the lowest value, the UNIFIR and PITSA procedures lead to values which differ irregularly compared to the other. Fig. 4c refers to the V=A ratio, where A is peak ground acceleration and V is peak ground velocity. This parameter is depends on lithology and epicentral distance [13] . As Fig. 4c shows, the accelerogram processing technique has a notable influence on the V=A ratio over the whole range considered. In particular, compared to the values obtained from the other procedures, the ENEA procedure overestimates the V=A ratio, the PITSA procedure underestimates it, the UNIFIR and CALTECH procedures at times over-estimate it and at others under-estimate it; every procedure generally gives values lower than the uncorrected ones. The differences from the uncorrected values can be greater than 200%. For example, considering the seismic zonation stated by the National Basic Building Code of USA (1990), the same recording (Bagnoli, Sturno and Benevento), processed with different techniques, may fall within different seismic zones as is shown in Fig. 4c . Fig. 4d refers to the parameter V 2 =Ag; used in several well-known empirical equations to estimate Newmark's block displacement (see for instance Par. 5). Even in this case, except in the case of low values (, 3 cm), the filtering procedure has a great influence, which at times exceeds 200% with respect to the uncorrected values and 100% if compared one to another: the ENEA procedure systematically over-estimates the V 2 =Ag parameter, the PITSA procedure under-estimates it and the UNIFIR and CAL-TECH procedures at times over-estimate it and at others under-estimate it. Each procedure generally gives values substantially lower than the uncorrected ones with a trend growing with V 2 =Ag: Fig. 4e and f show Arias intensity ðI A Þ and seismic destructiveness potential factor ðP d Þ; respectively.
Arias intensity, I A ; and seismic destructiveness potential factor, P d ; are affected only negligibly by the accelerogram filtering procedure because they represent an integral parameter, instead of a single-point parameter of the ground motion. Arias intensity values obtained from the corrected accelerograms are practically insensitive to the processing technique, whereas seismic destructiveness potential factor values are generally higher than those from the uncorrected accelerograms, especially for the high value of the parameter considered. On the contrary, since the V and A values from the corrected accelerograms have, respectively, trends that are lower and higher than those of the uncorrected values, the ratio V=A; and to a greater extent V 2 =Ag; show markedly increasing differences with respect to the uncorrected values.
Influence of filtering techniques on Newmark's block displacements calculated by numerical integration
Newmark's rigid block model has several different geotechnical applications: for example, it is employed in the seismic stability analysis of natural and artificial slopes, and for the evaluation of horizontal displacements in the study of retaining structures and shallow foundations.
Newmark considered the situation of a slope under seismic conditions analogous to that of a rigid block resting on an inclined plane to predict the permanent displacement of the slope. Referring to a simplified case where the plane is horizontal (Fig. 5) , the equation of motion is:
where aðtÞ is the earthquake-induced acceleration acting on the plane, € xðtÞ the rigid block relative acceleration, K c the critical seismic coefficient.
By integrating the equation of motion each time the ground motion aðtÞ exceeds the critical seismic acceleration K c g; the relative block velocity is calculated. By means of a successive integration when the relative velocity is greater than zero, the subsequent relative permanent displacements of the block and thus the final permanent displacement can be obtained. It is also possible to observe from Fig. 6 that for high K c values (0.05 and 0.1), the PITSA procedure, which leads to the major differences in the seismic parameters calculation, compared with the other procedures, substantially agrees with them. On the contrary, the ENEA processing technique which provides the least scattering in terms of seismic parameters, leads to displacement values that are considerably different from those obtained using the other procedures.
In Fig. 7 , Newmark's block displacements evaluated for K c ¼ 0:1; from the accelerograms recorded at Sturno (called 629EW and 629NS) in the uncorrected form and corrected by means of the four processing techniques, are shown versus time. It can be noted that the greatest displacement increase occurs, for the PITSA procedure, in a time subsequent to that for the other processing techniques. 
Influence of filtering techniques on Newmark's block displacement estimated by means of empirical correlations
In geotechnical literature, several empirical relationships among Newmark's block displacement, s; the critical seismic coefficient, K c ; and some of the main parameters of seismic motion have been proposed [14 -19] .
From these, the following were chosen and their results compared:
(a) Jibson [15] logðsÞ ¼ 1:46 logðI A Þ 2 6:642K c þ 1:546 where s is in cm, Arias intensity, I A ; is in cm/s (b) Crespellani et al. [19] s ¼ 0:011P where s is in cm, peak ground velocity, V; is in m/s, A is the peak ground acceleration coefficient, gravity acceleration, g; is in m/s 2 . The first two relationships employ integral parameters, that is Arias intensity and seismic destructiveness potential factor, whereas the third one contains a combination of two independent single-point parameters, peak ground acceleration coefficient and peak ground velocity.
In Fig. 8 the displacement values estimated by using equations in (a) -(c) are compared to the corresponding values calculated by double numerical integration of the acceleration time histories obtained by means of the four [14] are the closest to the calculated ones, whereas Crespellani et al. [19] and mostly Jibson [15] generally under-estimate the values calculated by integration, especially for lower values of the critical seismic coefficient K c (0.005 and 0.01), with differences up to 200%. Moreover, in the relationships which utilise integral parameters, (a) and (b), the influence of the correction procedure on the estimated displacement is low (except in cases of very high displacement values), whereas it is very marked when single-point parameters are used, (c). In the first case the influence of the processing technique on the estimated displacement is always much smaller than that on the displacement calculated by integration. As it can clearly be seen in Fig. 8 the displacements estimated by empirical relationships (a) and (b) from the same recording corrected with the four different processing techniques are comparable (about the same Yvalue on the plot), whereas the displacement calculated by integration are considerably different (different X-values). Finally, the diagrams obtained using the relationship of Whitman and Liao outline that the PITSA and ENEA procedures provide, respectively, lower and upper limits of displacement for low K c values (0.005 and 0.01).
Conclusions
The influence of the accelerogram filtering techniques on the estimate of Newmark's block displacements during different earthquakes was investigated by comparing the results obtained using four different techniques. Block displacements were determined both with numerical integration of the equation of motion and by means of several empirical relationships. In this context, attention was focused on filtering technique effects, and not on the best relationship for estimating block displacements.
One conclusion that can be drawn from this research is that filtering techniques generally affect both the synthetic parameters of an accelerogram (PGA, PGV, etc.) and the values of the displacements estimated by applying different predictive procedures. Therefore the displacements estimated with just one technique should be used with caution.
Nevertheless, the extent of their incidence may vary significantly with respect to several factors, namely: the predictive procedure for evaluating Newmark's block displacements (double integration of the accelerogram or empirical relationships); the seismic parameters assumed for the analysis (single-point value or integral measurement) when empirical correlations are used; the amplitude of the seismic ground motion (strong or weak); the ratio between critical acceleration and maximum acceleration induced by the earthquake. In particular: † it is quite evident that, especially for high displacement values (greater than about 10 cm), the differences between the estimates obtained by integration and those obtained using empirical relationships are closely linked to the technique adopted for filtering; † when displacements are obtained by integrating the accelerogram, filtering procedure effects are more significant the higher the severity of the earthquake. Moreover, for a given accelerogram, discrepancies both in the final value of displacements and in their times of occurrence can be found; † there is strong evidence that the synthetic parameters selected for representing the accelerogram have a marked influence on the extent to which the filtering procedures can affect the results obtained by using empirical relationships: the results are much more stable when the relationships contain integral parameters, such as I A and P D ; than when the evaluation is based on parameters such as PGA or PGV, or, even worse, on their ratio. Also in this case, major severity of the ground motion may amplify the discrepancies in the results; Fig. 7 . Filtering procedure effects on Newmark's block displacement calculated by integration from the accelerograms 629NS (a) and 629 EW (b) recorded at Sturno versus time (NC: uncorrected, C: CALTECH procedure; E: ENEA procedure; P: PITSA procedure; U: UNIFIR procedure). † the influence of the processing technique is much more evident on the displacement calculated by double integration from the accelerogram than on the displacements estimated by empirical relationships; † lastly, it is also evident that the influence of the filtering procedures is linked to the ratio between PGA and K c ; and that this influence increases when said ratio is higher. Although limited to the analysis of only a small number of recordings, these results may have more general significance and suggest using more than one technique for processing uncorrected accelerograms in order to reduce the associated uncertainty.
